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Abstract  The Fr gene in common bean, Phaseolus vuI- 
garis L., is a unique gene for the study of plant nuclear- 
mitochondrial interactions because it appears to directly 
influence plant mitochondrial genome structure, resulting 
in the restoration of pollen fertility in cytoplasmic male 
sterile plants. This gene action is distinct from other pol- 
len fertility restoration systems characterized to date. As a 
first step towards the map-based cloning of this unusual 
nuclear gene, we identified RAPD markers linked to Fr us- 
ing bulked segregant analysis of near-isogenic lines. Us- 
ing DNA gel blot hybridization, we localized the identi- 
fied RAPD markers to a linkage group on the common bean 
RFLP map and constructed a linkage map of the Fr region 
using both RAPD markers and RFLP markers. Analysis of 
the mode of Fr action with the aid of identified Fr-linked 
DNA markers indicated that Fr functions in a semidomi- 
nant fashion, showing dosage effect in controlling the dy- 
namics of a heteroplasmic mitochondrial population. We 
also present our observations on the developmental dis- 
tinctions, crucial in the accurate mapping of the Fr gene, 
between spontaneous cytoplasmic reversion and Fr-driven 
fertility restoration, two phenomena that are phenotyp- 
ically indistinguishable. 

Key words Phaseolus vulgaris L. .  Fr-directed 
mitochondrial alteration �9 Fr linkage map.  
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Introduction 

Cytoplasmic male sterility (CMS) and its nuclear fertility 
restoration genes are among the few nuclear-mitochondrial 
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genetic interaction systems in plants amenable to in-depth 
investigation (Hanson 1991). In many plant species the 
CMS phenotype, which involves a maternally-inherited 
failure to shed viable pollen, is caused by a mitochondrial 
lesion. In most CMS systems investigated to date, nuclear 
restorer genes have been identified that suppress the ex- 
pression of the mitochondrial sterility-associated lesions, 
resulting in restoration to pollen fertility (Hanson and 
Conde 1985). These CMS-restorer systems are ideal for 
the investigation of plant nuclear-mitochondrial interac- 
tions. Unfortunately, little is yet known about the mecha- 
nisms of fertility restoration in even the best characterized 
CMS systems. 

Fertility restoration by nuclear gene Fr in CMS com- 
mon bean is unique when compared to other known CMS 
systems. The majority of fertility restorer genes appear to 
regulate gene expression at a transcriptional or posttran- 
scriptional level (Kennell et al. 1987; Pruitt and Hanson 
1991; Singh and Brown 1991; Laver et al. 1991; Iwabuchi 
et al. 1993). F r  restores fertility by causing the elimination 
of the sterility-associated pvs (Phaseolus vulgaris steril- 
ity) DNA sequence from the mitochondrial genome, re- 
sulting in irreversible and permanent restoration (Macken- 
zie et al. 1988; Mackenzie and Chase 1990). Therefore, 
elucidation of the mechanism of Fr action can lead us to 
understand how the plant nuclear genome maintains a nor- 
real mitochondrial genome structure by the selective elim- 
ination of mitochondrial mutations. 

Spontaneous cytoplasmic reversion to fertility presents 
another feature unique to CMS common bean (Mackenzie 
et al. 1988). Unlike the well-documented spontaneous cy- 
toplasmic reversion in CMS-S maize (Laughnan et al, 
1981; Small et al. 1988), CMS bean reversion events in- 
volve the complete loss of a portion of the mitochondrial 
genome. This mitochondrial DNA (mtDNA) loss is indis- 
tinguishable from the mitochondrial genome changes in- 
duced by nuclear gene Fr  and appears to involve the loss 
of an entire mitochondrial chromosome (Janska and Mack- 
enzie 1993). 

Our objective is to clone the Fr locus. Cloning such a 
gene, however, represents a substantial technical challenge 
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because neither is the gene product  known nor have simi- 
lar genes been isolated from other organisms. Conse-  
quently, a map-based c loning strategy presents the most  
feasible approach for isolat ing Fr. This is because com- 
mon bean has a relatively small  genome (637 Mbp or 0.66 
pg/1 C) (Arumugana than  and Earle 1991), and two genetic 
l inkage maps of the common  bean genome are available 
with over 400 restriction fragment  length polymorphic  
DNA (RFLP) markers (Vallejos et al. 1992; Nodari  et al. 
1993). The first step in a map-based c loning  approach is 
the development  of a dense l inkage map around the target 
gene. Accordingly,  we have used DNA markers to deter- 
mine  the genomic location of Fr in reference to mapped 
DNA markers in a two-step process. First, we used a strat- 
egy that combines  bulked segregant analysis  (Michelmore 
et al. 1991) and near- isogenic  l ines (NIL) (Martin et al. 
1991) to identify random amplif ied polymorphic  DNA 
(RAPD) markers t ightly l inked to the Fr locus. We then 
used segregation and l inkage analyses to map Fr and iden- 
tify addit ional  l inked marker  loci. The establ ishment  of the 
Fr l inkage map with closely l inked markers not only facil- 
itates progress toward our long- term object ive of c loning 
the gene but  also enables us to further characterize the 
mode of gene action of Fr. 

Materials and methods 

Plant materials 

Three segregating populations were used in this study. (1) A BC6F 2 
population (designated R351 BC6F2), which was derived from a cross 
between Phaseolus vulgaris lines CMS-Sprite (frfr) and R35 t (FrFr) 
using CMS-Sprite as the recurrent parent. CMS-Sprite contains the 
sterility-inducing cytoplasm (characterized by the presence ofpvs in 
the mitochondrial genome) and a 'Sprite' nuclear background. The 
development of the CMS line and the restorer line R351 has been 
described previously (Mackenzie and Bassett 1987). The R351 
BC6F 2 population consisted of 47 plants. This population was used 
for bulked segregant analysis to identify Fr-associated RAPD mark- 
ers. (2) A BC4F 2 population (designated R351 BC4F2) was derived 
from a different cross but using the same parents of R351 BC6F 2. 
This population contained 81 plants and was used to map the Fr lo- 
cus relative to identified RFLP markers and RAPD markers. (3) A 
BC 1 population of 68 plants was derived from a cross between the 
Meso-American breeding line XR235-1-1 and the Andean cultivar 
'Calima' as described by Vallejos et al. (1992). This was the same 
population that was used to construct the common bean genetic link- 
age map and was used to localize the Fr-linked RAPD markers in 
this study. 

Phenotypic classification of male fertility 

Plants were grown under standard greenhouse conditions and clas- 
sified for pollen fertility using criteria described by Mackenzie and 
Bassett (1987) with modifications. Fertile plants produced greater 
than 90% fertile pollen staining darkly with I-KI and produced nor- 
mal seed-bearing pods with no evidence of parthenocarpy. Sterile 
plants shed no visible pollen on the stigma, and the nonstainable aber- 
rant microspores were bound together as tetrads, producing only par- 
thenocarpic pods bearing no seeds. Semisterile plants produced both 
dark-staining fertile pollen and nonstainable aberrant tetrads in each 
anther, giving rise to fertile and sterile buds and resulting in both 
seed-bearing and parthenocarpic pods on an individual plant. 

DNA extraction 

Genomic DNA was extracted from young leaf tissue using a modi- 
fied procedure of Vallejos et al. (1992). About 2 g of tissue were 
ground in liquid N 2 to a very fine powder and incubated with 14 ml 
lysis buffer (133 mM TRIS-HC1 (pH 7.8), 6.7 mM Na2EDTA, 
0.95 M NaC1, 1.33% Na Sarkosyl and 1.33% fl-mercaptoethanol) at 
65 ~ for 1 h. The homogenate was chloroform-extracted once and 
the aqueous phase separated by centrifugation. DNA was then pre- 
cipitated in 2/3 volume of isopropanol at room temperature for about 
1 h. Precipitated DNA was then transferred with a glass hook to a 
new tube, dissolved in 3 ml TE (10 mM TRIS, pH 8, 1 mM Na2ED_ 
TA) and incubated with 60 lag RNAase at 37 ~ for 30 min. The so- 
lution was chloroform-extracted once more, and DNA was reprecip- 
itated by the addition of 1/20 volume of 5 M ammonium acetate and 
2 volumes of absolute ethanol. Precipitated DNA was scooped, air- 
dried briefly and dissolved in 500 ~1 TE buffer. 

RAPD marker screening 

Genomic DNA from the R351 BC6F 2 plants was used as template 
for the polymerase chain reaction (PCR). Two pairs of DNA bulks 
were formed for bulked segregant analysis. One pair contained 10 
fully fertile plants and 10 fully sterile plants in the contrasting bulks, 
and the other pair contained only 2 fertile plants and 2 sterile plants 
in the contrasting bulks. Decamer oligonucleotide primers were ob- 
tained from the University of British Columbia, Vancouver, Canada. 
Custom-made primers were synthesized in the Biochemistry Depart- 
ment at Purdue University. A single primer was used in each PCR 
reaction. About 700 primers were assayed. Amplification reactions 
were in total volumes of 30 tal containing 50 mM KC1, 10 mMTRIS- 
HC1, 2.0 mM MgC12, 0.1% Triton X-100, 125 jaM each of dATER 
dCTP, dGTP and dTTER 1 gM primer, 100-200 ng genomic DNA and 
about 0.7 unit Taq DNA polymerase (Promega). Amplification was 
performed in a Thermolyne Temp-Tronic Thermal Cycler (Barn- 
stead/Thermolyne Co.) for 40 cycles after initial denaturation at 92 ~ 
for 3 min. Each cycle consisted of 45 s at 94~ 1 min 15 s at either 
37~ or 43 ~ 1 rain 20 s at 72~ followed by 7 rain at 72~ Am- 
plifications were resolved by gel electrophoresis in a 1.2% agarose 
gel and visualized by staining with ethidium bromide. Putative poty- 
morphic amplifications were verified using genomic DNAs from 5 
of each fertile and sterile individual plants as templates to assure co- 
segregation of the polymorphism with fertility. Confirmed Fr-linked 
markers were then applied to the entire population for genetic map- 
ping. 

RFLP analysis 

Genomic DNA from R35l BC4F 2 plants and the XR235-1-1/ 
'Calima' BCF 1 population was used for RFLP analysis. DNA sam- 
ples were digested with restriction endonucleases (HindIII, PstI, 
BamHI, EcoRI, EcoRV and DraI) using reaction conditions recom- 
mended by the manufacturers, followed by electrophoretic separa- 
tion in 0.8% agarose gel using lxTBE buffer. DNA was affixed to 
the nylon membrane (Hybond-N, Amersham) by UV cross-linking 
and/or baking for 2 h (80~ under vacuum. RFLP clones were am- 
plified using the procedure described by Vallejos et al. (1992) and 
purified using the Magic purification kit (Promega). DNA fragments 
were radioactively labeled with [32p]dCTP using the random prim- 
ing method (Feinberg and Vogelstein 1983). Hybridization was per- 
formed at 60~ Blots were washed twice in 3xSSC, 0.1% SDS at 
60~ and once in 0.3xSSC at 60~ for 15 rain each wash. Fuji Med- 
ical X-Ray film was exposed to the membrane using intensifying 
screens (Pickett) for 5-7 days for nuclear DNA probes and 1-2 days 
for mtDNA probes. 

Segregation and linkage analysis 

Atlelic segregation data were scored manually from either ethidium 
bromide-stained agarose gels (RAPDs) or autoradiographic films 
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(RFLPs) for each segregating individual. Linkage analysis was per- 
formed using the Mapmaker program (Lander et al, 1987). The Ko- 
sambi mapping function (Kosambi 1944) was used in calculating ge- 
netic distances. The map order was based on maximum likelihood 
estimation. Two-point analysis was used to determine genetic dis- 
tances between markers. 

Results 

Assessment of the populations segregating for Fr  

The major objective of this project was to determine the 
linkage relationships of Fr  and establish a dense map of 
the Fr region. Thus, it was essential to identify with accu- 
racy the phenotype conferred by Fr, and an intrinsic prob- 
lem of phenotypic misclassification with our mapping pop- 
ulations must be circumvented. In CMS-common bean it 
has been demonstrated that pollen fertility restoration 
through the deletion of the sterility-inducing mitochondrial 
pvs sequence can be achieved by either the introduction of 
nuclear gene Fr or a spontaneous cytoplasmic reversion 
event. Both events result in the same fertile phenotype and 
apparently identical mitochondrial genome alterations 
(Janska and Mackenzie 1993). The frequency of spontane- 
ous cytoplasmic reversion depends on both genetic back- 
ground and growing conditions (especially temperature). 
Spontaneous cytoplasmic reversion of CMS-Sprite occurs 
at a frequency of 0 .5%-5% (He and Mackenzie unpub- 
lished). 

The R351 BC6F 2 population that consisted of 47 plants 
was used for bulked segregant analysis to identify RAPD 
markers linked to Ft.  Spontaneous cytoplasmic reversion 
was not considered a problem in this population because 
of its low frequency of occurrence. The population segre- 
gated in a Mendelian fashion 0~21:2:1=0.732, P=0.69). 

The R351 BC4F 2 population was used for linkage anal- 
ysis. Therefore, precautions were taken to ensure an accu- 
rate assessment of the genotype at the Fr locus to avoid 
misinterpretation of mapping data due to spontaneous re- 
version events. Fortunately, we were able to distinguish re- 
version from Fr-driven restoration based on the fact that 
the pvs sequence persists in the vegetative tissue of fertile 

Fig. 1 DNA gel blot hybridization of total genomic DNA showing 
that the sterility-associated mitochondrial pvs DNA sequence is 
present in the vegetative tissue of Fr-restored F 2 fertile plants but is 
lost in the vegetative tissue of spontaneous cytoplasmic fertile rever- 
tants. The total genomic DNA was prepared from green leaf tissue, 
digested with PstI, and the blot was hybridized with a mtDNA clone 
(258-1) that is internal to the 6.0-kb pvs PstI fragment and a 7.2-kb 
fragment residing elsewhere in the mitochondrial genome (Macken- 
zie et al. 1988). Fr R351 BC4F 2 fertile Fr-restored plant, R R351 
BC4F 2 spontaneous fertile revertant 

F 2 plants that have had their fertility restored by Fr (Johns 
et al. 1992). A survey of fertile plants in the R351 BC4F 2 
mapping population revealed 6 plants missing the pvs se- 
quence in their vegetative tissue (Fig. 1); these results sug- 
gested that the six plants were spontaneous revertants and 
could possess the fr fr  genotype. The genotype of these 
plants was confirmed by genetic analysis. Three of the pu- 
tative revertants (frfr), along with an Fr-restored fertile 
plant (FrFr) and a semisterile plant (Frfr), were crossed to 
CMS-Sprite. Spontaneous reversion to fertility is a cyto- 
plasmic event that does not require the introduction of any 
nuclear fertility restorer gene; therefore, when it is crossed 
as pollinator to CMS-Sprite all resulting F1 progeny should 
be sterile. When an Fr-restored fully fertile plant is crossed 
to CMS-Sprite, all resulting progeny are expected to be 
semisterile. Accordingly, when a semisterile plant is 
crossed to CMS-Sprite, half of the resulting F t progeny are 
expected to be semisterile and half sterile. Table 1 shows 
an example of testcross results which confirms that plant 
16-19-3, a fertile F 2 plant that had lost the pvs sequence 
from its vegetative tissue, contained no nuclear restorer 
gene, and therefore is a spontaneous revertant with geno- 
type frfr.  The distinction of spontaneous cytoplasmic re- 
vertants led to a reclassification of the population 
(•21:2:1=2.92; P=0.25). 

Table 1 Verification of geno- 
types at the Fr locus predicted 
by Fr-linked markers 

Cross a Phenotype of Genotype of Fr- Segregation in F 1 plants Genotype 
pollen donor linked marker b at Fr locus 

Semisterile Sterile 

CMS-Sprite/ 
16-19-3 Fertile aa 0 17 frfr 
CMS-Sprite/ 
2-8-5 Fertile AA 13 2 ~ FrFr 
CMS-Sprite/ 
16-17-7 Semisterile Aa 12 12 Frfr 

a CMS-Sprite is an accession line containing sterility-inducing cytoplasm and thefrfr nuclear genotype. 
The pollen donors 16-19-3, 2-8-5 and 16-17-7 were R351 BC4F 2 segregants 
b A represents the marker allele coupled to the Fr-restored fertile phenotype; a represents the marker al- 
lele coupled to fr 
~ The 2 plants failed to set any seed pod. This was likely due to environmental stress 



Fig. 2A, B Identification of 
RAPD markers associated with 
the Fr locus. A Cosegregation 
of RAPD marker UBC487 with 
pollen fertility specified by the 
Fr gene. Each lane represents 
the amplification of an individ- 
ual fertile (F) or sterile (S) 
R351 BC6F 2 plant using primer 
UBC487. The arrow indicates 
the polymorphic band associat- 
ed with fertile plants. M lamb- 
da Pstl molecular weight mark- 
er. B Conversion of the highly 
repetitive DNA sequence of 
RAPD marker UBC487 to a 
low-copy-number marker 
R335E. The arrow points to the 
new polymorphic band that is 
present in fertile (F) plants but 
absent in sterile (S) plants 
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Table 2 Decamer primer sequences that produce Fr-linked poly- 
morphic amplifications 

Primer Sequence Polymorphism 

UBC487 5' GTGGCTAGGT 3' Dominance 
R335E 5' ACCTAGCCAC 3' Dominance 
UBC326 5' CGGATCTCTA 3' Co-dominance 
UBC375 5' CCGGACACGA 3' Dominance 

Identification of RAPD markers linked to the Fr locus 

A strategy that combines bulked segregant analysis (Mi- 
chelmore et al. 1991) and near-isogenic line analysis (Mar- 
tin et al. 1991) was employed to identify RAPD markers 
linked to the Fr locus. Two experiments were undertaken 
with different DNA bulks and primer annealing tempera- 
tures. In the first experiment, the contrasting bulked DNA 
samples were formed separately from the DNA of 10 R351 
BC6F 2 Fr-restored fully fertile plants and 10 sterile plants. 
These were used as DNA templates to screen decamer 
primers for DNA polymorphisms under the conditions de- 
scribed in the Materials and methods, using 43C as primer 
annealing temperature. In the second experiment, only 
DNA from 2 fertile and 2 sterile plants was included in the 
contrasting bulks, and 37C was used for primer annealing. 
Altogether, about 5,000 loci were amplified with 700 prim- 
ers, and 3 demonstrated polymorphic amplifications that 
cosegregated with pollen fertility when they were tested in 
a number of individual fertile and sterile R351 BC6F a 
plants. The primer identities and types of amplification are 
listed in Table 2. Primers UBC487 and R335E were used 
in amplification at the 43C primer annealing temperature, 
whereas primers UBC326 and UBC375 were used at an an- 
nealing temperature of 37C. The primer codes are hence- 
forth used to designate the corresponding amplified RAPD 
markers. UBC487, UBC326 and R335E demonstrated 
complete dominance and were linked in coupling with the 

Fr allele, whereas UBC375 showed codominance with Fr 
andf r  alleles. Figure 2A shows an example of the coseg- 
regation of a RAPD marker (UBC487) with fertility resto- 
ration. 

Genomic localization of the Fr-linked RAPD markers 

The second step of our mapping effort consisted of deter- 
mining the position of the Fr-linked RAPD markers in the 
RFLP map of common bean. The objective of this effort 
was to identify additional markers around the Fr locus. To- 
wards this end, amplification products linked to Fr were 
removed from the gel and used as hybridization probes to 
identify restriction enzymes that revealed polymorphisms 
between the parents of the RFLP mapping population 
( 'Calima' and XR235-1-1). Unfortunately, all three frag- 
ments yielded hybridization patterns typical of repetitive 
DNA (data not shown). To circumvent this difficulty, we 
developed a "reverse primer" approach; primers comple- 
mentary but in opposite orientation to UBC487, UBC326 
and UBC375 were synthesized and used as single primers 
for RAPD analysis. Two of these failed to produce poly- 
morphic fragments. However, one reverse decamer primer, 
designated R335E and complementary to UBC487, pro- 
duced a polymorphic fragment cosegregating with the Fr 
locus (Fig. 2B). As with UBC487, no recombinants be- 
tween this fragment and Fr were detected in either the R351 
BC4F 2 or R351 BC6F 2 populations with a total number of 
125 plants assayed. Furthermore, when the polymorphic 
fragment amplified with R335E was used as a hybridiza- 
tion probe on DNA gel blots, it produced a hybridization 
pattern of a sequence with a lower reiteration frequency 
than the one observed with the UBC487 fragment. Thus, 
R335E appears to direct the amplification of a less repeti- 
tive sequence than the adjacent sequence amplified with 
UBC487. 

The polymorphic R335E fragment was used as a probe 
to identify a restriction enzyme that revealed polymor- 
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Fig. 3 DNA gel blot hybridization analysis demonstrating the co- 
segregation of RFLP marker Brig228 with pollen fertility effected by 
the Fr gene. Each lane represents an individual plant from the R351 
BC4F2 population segregating at the Fr locus. The EcoRI-digested 
DNA gel blot was probed with Brig228. F Fertile plant (FrFO, S ster- 
ile plant (frfr), 14 semisterile plant (Frfr), R spontaneous cytoplas- 
mic fertile revertant (frfr) 

Table 3 DNA polymorphisms detectable between two NILs of the 
Fr locus using nine RFLP clones residing in the chromosomal re- 
gion encompassing Fr (+ polymorphic band detected) 

RFLP Enzyme 
clone 

HindIII PstI BamHI EcoRI EcoRV DraI 

Bng5 
Bng14 
Bng19 
Brig20 
Bng24 
Bng51 
Bng64 
Bngl02 
Bng228 

+ + + 

+ + 
+ 

+ + + 

phisms between 'Calima' and XR235-1-1, the progenitors 
of the population used to construct the RFLP linkage map 
of common bean. Next, DNA gel blots of EcoRI digests of 
the BC 1Ft (XR235-1- l//XR235-1- t / 'Calima')  were hybri- 
dized to R335E, and the segregation of a single fragment 
was recorded. The segregation of this fragment was tested 
against those of all other previously mapped RFLP mark- 
ers (Vallejos et al. 1992) with the aid of Mapmaker (Lander 
et al. 1987). The segregating fragment was located in the 
vicinity of Bng228-Bng102 on linkage group K (data not 
shown). We then used a separate mapping population 
(R351 BC4F2), segregating at the Fr locus, to verify this 
map location and establish the map site of the Fr locus. 
RFLP marker Bng228 of linkage group K was used to probe 
a genomic DNA gel blot of 14 individual plants from this 
population. The marker cosegregated with pollen fertility 
as is clearly evident in Fig. 3. This R351 BC4F 2 popula- 
tion of 81 plants was subsequently used for constructing 
an Fr linkage map. 

Construction of a linkage map of the Fr region 

Nine RFLP markers from linkage group K were used to 
screen for polymorphisms between a male-fertile and a 
male-sterile plant in the R351 BC4F 2 population. As shown 
in Table 3, six of the nine clones demonstrated numerous 
polymorphisms between the two NILs using six different 
restriction endonucleases (HindIII, PstI, BamHI, EcoRI, 

Fig. 4 Fr genetic map showing 
the location of the Fr locus and 
linked RFLP and RAPD mark- 
ers. The map order was based 
on maximum likelihood estima- 
tions using the Mapmaker com- 
puter program (Lander et al. 
1987). All distances are given 
as cM and were derived from 
the R351 BC4F 2 mapping popu- 
lation 

cM Marker 

~ Bngl02 

ii 
�9 Fr 

l - ~  R335E/UBC487 
t05--1 I 
31 X_t-1- . 64 
0.7 ~ : ~ - - -  UBC326 

EcoRV and DraI). It is expected that, after four genera- 
tions of backcrossing and one terminal selfing generation 
to develop the R351 BC4F 2 population, greater than 97% 
of the recurrent parent genome was recovered, with the 
remnant donor parent DNA limited primarily to the chro- 
mosomal segment surrounding the introgressed marker Fr 
(Muehlbauer et al. 1988). Consequently, the numerous 
polymorphisms in this population detected with RFLP 
markers in the linkage group K support the assumption that 
Fr  is located in the K linkage group. 

Informative probe-restriction enzyme combinations 
were used to study the segregation of the R335E-linked 
RFLP markers in the R351 BC4F2 progeny. EcoRI-digested 
genomic DNA gel blots were used to score RFLP markers 
Bngl4, Bng64, Bngl02 and Bng228 from linkage group K. 
PstI-digested DNA gel blots were also used in mapping 
Bng228. This same population was employed to assay the 
segregation of RAPD markers UBC487(R335E), UBC326 
and UBC375. The fertility phenotype was classified so that 
fertile and semisterile plants were grouped together ( F )  
to avoid misclassifications between the two classes. The 
resulting Fr  linkage map based on maximum likelihood es- 
timation using three RAPD markers and four RFLP mark- 
ers is shown in Fig. 4. 

The overall genetic distances among the markers on this 
linkage map are greater than those reported in the original 
map developed by Vallejos et al. (1992). An extreme ex- 
ample is the distance between Bngl4 and Bng228; no re- 
combination was evident between these markers in the 
original mapping population, but they are separated in our 
map by up to 19 cM, suggesting that recombination sup- 
pression occurred in this chromosomal region within the 
original mapping population. 

Some of the markers identified are much more closely 
linked to Fr than others. It should be mentioned that two 
RAPD markers, UBC375 and UBC326, were identified by 
screening RAPD primers with two contrasting DNA bulks 
that contained only 2 fertile and 2 sterile R351 BC6F 2 near- 
isogenic plants. These markers mapped 15 cM and 21 cM, 
respectively, from the Fr locus. On the other hand, marker 
UBC487 was identified by bulking 10 fertile and 10 ster- 
ile plants as the contrasting bulks and it demonstrated com- 
plete cosegregation with the Fr allele in 125 plants assayed 



Table 4 Contingency table for the distribution of the Bng228 mark- 
er genotype and fertility in a R351 BC4F2 populationa 

Genotype at Fertility 
Bng228 locus 

Fertile Semisterile Sterile Total 

AA 11 1 0 
Aa 2 39 0 
aa 0 4 18 

Total 13 44 18 

Z~_ (1AA: 2Aa: laa) = 3.32 P = 0.18 
(1 fertile:2 semisterile:l sterile) = 2.92 

Z ~(independence) = 108.80 P <0.0001 
P = 0.25 

12 
41 
22 

75 

a Six plants were identified as spontaneous cytoplasmic revertants 
and, therefore, were not included in the table 

to date. These results suggest the existence of a relatively 
large introgressed segment flanking the Fr locus after six 
generations of backcrossing and emphasize the value of 
using bulked segregant analysis even when NILs are avail- 
able for identifying Fr-linked DNA markers. 

The mode of Fr action 

In the mapping of the Fr gene we have grouped both fer- 
tile and semisterile F 2 segregants into one class to avoid 
any possibility of misclassification. However, there is gen- 
erally a clear phenotypic distinction between fertile plants 
and semisterile plants, and we have observed 1 fertile: 
2 semisterile: 1 sterile ratios for a number of F 2 segregat_ 
ing populations (data not shown). It was suspected that the 
semisterile phenotype may reflect the Frfr heterozygous 
genotype. The use of Fr-linked codominant DNA markers 
in the segregation analysis confirmed that Fr acts in a sem- 
idominant fashion. The pairwise cosegregations of the fer- 
tile phenotype with the AA genotype at the Bng228 locus, 
semisterile with the Aa genotype and sterile with aa are 
shown in Table 4. Because Bng228 is tightly linked to the 
Fr locus, it can be concluded from this table that a geno- 
type of FrFr gives rise to fully fertile plants, Frfr to sem- 
isterile plants andfrfr to fully sterile plants. These results 
indicate that one dose of the Fr allele is not sufficient to 
fully restore pollen fertility. 

Discussion 

Previous studies have shown that CMS-bean and its Fr- 
mediated restoration of pollen fertility represent a unique 
system in the studies of nuclear-mitochondrial interac- 
tions. Unlike most other CMS systems, Fr restores pollen 
fertility by eliminating the sterility-associated pvs mito- 
chondrial sequence. This raises the interesting possibility 
that Fr may be involved in maintaining normal mitochon- 
drial function by selectively eliminating mutations. Unfor- 
tunately, virtually nothing is known about how Fr effects 
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this process. Molecular cloning of the gene will be essen- 
tial to understand fully the molecular basis of Fr action. 
Based on the genetic information now available regarding 
Fr gene action and map location, a map-based cloning 
strategy should be feasible. In this study, we have con- 
structed a relatively dense regional map encompassing the 
Fr locus, with some of the markers being tightly linked to 
Fr. UBC487 (R335E) co-segregated with the Fr allele in a 
total of 125 F 2 plants, which corresponds to a maximum 
estimated recombination frequency of 0.0119 at 95 % con- 
fidence probability. This marker should provide a useful 
starting point for the localization of the Fr locus. 

In the original mapping population used to develop the 
bean map, it was suggested that linkage group K is the 
smallest of the 11 linkage groups, with 44 markers cover- 
ing only 56.2 cM and 27 of them organized into four sep- 
arate clusters (Vallejos et al. 1992). In this study, we de- 
tected a dramatic increase in the genetic distances among 
some markers. For example, Bngl4  and Bng228, originally 
demonstrating complete linkage, were 19 cM apart in the 
R351 BC4F 2 mapping population (Fig. 4). This discrep- 
ancy was not unexpected. One of the parents (XR235-1-1) 
involved in the development of  the original population 
used to construct the common bean linkage map contained 
P. coccineus introgressions (Vallejos et al. 1992). Recom- 
bination suppression due to this interspecific introgression 
may account for the observed low recombination frequen- 
cies and marker clusters in some regions of the linkage 
map. Alternatively, the Fr locus may represent a recombi- 
nation "hot spot", a region of unusually high frequency re- 
combination. Hot spots for recombination have been ob- 
served in the genomes of a number of organisms (Grimm 
et al. 1989; Gao et al. 1990; Ponticelli and Smith 1992; 
Snoek et al. 1993). 

The relationship observed between codominant pheno- 
types (fertile/semisterile/sterile) and the codominant gen- 
otypes of Fr-linked markers (Table 4) provides important 
evidence that the Fr allele acts in a semidominant fashion. 
This result has interesting implications for how the Fr lo- 
cus may be involved in altering the mitochondrial popula- 
tion. Physical mapping of the CMS-common bean mito- 
chondrial genome has suggested that, unlike most other 
plant species, this particular mitochondrial genome con- 
tains three autonomous, inter-recombining chromosomes, 
one of which contains the sterility-inducing pvs sequence. 
Thepvs-containing form is apparently absent from the mit- 
ochondrial genome of restored fertile or revertant plants 
(Janska and Mackenzie 1993). The dispensability of the 
pvs-containing molecule, together with evidence from 
other systems demonstrating the phenomenon of mito- 
chondrial fusion within a population (Hoffman and Avers 
1973; Belliard et al. 1979; Boeshore et al. 1983; Kawano 
et al. 1993) suggests that the mitochondrial population in 
CMS-bean could exist in a heteroplasmic state; that is, the 
mitochondrial population in a cell may be composed of a 
mixture of both normal (pvs-) and dysfunctional (pvs+) 
organelles. This hypothesis of mitochondrial heteroplasmy 
is supported by the observation of cytoplasmic reversion, 
a spontaneous phenomenon resulting in the loss of the pvs- 
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conta in ing molecu le  (Janska and Mackenz ie  1993). Sur-  
pr is ingly,  the mi tochondr ia l  popula t ion  in CMS-Spr i t e  has 
been main ta ined  re la t ive ly  s tably through many  genera-  
t ions,  with only low-f requency  inc idence  of  spontaneous  
reversion.  Such a stable condi t ion  of  he te rop lasmy in 
CMS-Spr i t e  mi tochondr ia  raises  the quest ion of  why the 
loss ofpvs  does not  occur  more  f requent ly  as the resul t  of  
r andom mi tochondr ia l  sort ing to homoplasmy.  One pos-  
sible explanat ion  is that the f r  al le le  p lays  a role  in main-  
taining the ba lance  of  the two mi tochondr ia l  types.  On the 
basis  of  our observat ions  to date, one poss ib le  role of  the 
Fr al lele  is to s t imulate  mi tochondr ia l  segregat ion  in favor  
of  the normal  (pvs-)  mitochondr ia l  type.  A he te rozygous  
genotype  (Frfr) at the F r  locus produces  only par t ia l  res-  
torat ion of  pol len  fertil i ty,  suggest ing that one dose of  the 
F r  al lele  is not suff icient  to comple te ly  e l iminate  pvs f rom 
the mi tochondr ia l  populat ion.  It wi l l  now be impor tan t  to 
de termine  whether  this is solely the resul t  of  gene dosage  
effect  or the resul t  of  oppos ing  inf luences  effected by  F r  
a n d f r  al le les  when combined.  
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